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MaleThe zebraﬁsh is a popular model for genetic analysis and its sex differentiation has been the focus of
attention for breeding purposes. Despite numerous efforts, very little is known about the mechanism of
zebraﬁsh sex determination. The lack of discernible sex chromosomes and the difﬁculty of distinguishing the
sex of juvenile ﬁsh are two major obstacles that hamper the progress in such studies. To alleviate these
problems, we have developed a scheme involving methyltestosterone treatment followed by natural mating
to generate ﬁsh with predictable sex trait. Female F1 ﬁsh that gave rise to all-female offspring were
generated. This predictable sex trait enables characterization of gonadal development in juvenile ﬁsh by
histological examination and gene expression analysis. We found the ﬁrst sign of zebraﬁsh sex differentiation
to be ovarian gonocyte proliferation and differentiation at 10 to 12 days post-fertilization (dpf). Somatic
genes were expressed indifferently at 10 to 17 dpf, and then became sexually dimorphic at three weeks. This
result indicates clear distinction of male and female gonads derived independently from primordial gonads.
We classiﬁed the earliest stages of zebraﬁsh sex determination into the initial preparation followed by
female germ cell growth, oocyte differentiation, and somatic differentiation. Our genetic selection scheme
matches the prediction that female-dominant genetic factors are required to determine zebraﬁsh sex., Academia Sinica, 128Academia
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Sex determination is one subject that attracts a lot of attention
because of its relation to sex-linked diseases and also its great
variation among different species. Mammals use an XX/XY sex-
determination system, in which females have two identical sex
chromosomes (XX) while males have two distinct sex chromosomes
(XY). The ZW sex-determination system, found in birds (Smith et al.,
2007) and some insects (Arunkumar et al., 2009), instructs female
development from two different sex chromosomes (ZW), while males
possess two of the same kind of chromosomes (ZZ). Some reptiles do
not have sex chromosomes and their sex is determined by
temperature (Modi and Crews, 2005). Fishes are more varied; their
sex can be determined either chromosomally (Matsuda et al., 2002) or
by environmental factors (Yamamoto, 1969).
The zebraﬁsh is a popular model for genetic and developmental
studies. Themechanismaffectingzebraﬁsh sexdetermination, however,
is still poorly understood despite numerous attempts. Zebraﬁsh have no
discernible sex chromosomes (Sola and Gornung, 2001; Ueda et al.,2001) and some even think that zebraﬁsh sex is not determined by
genetic factors (Wallace and Wallace, 2003). Environmental changes
including hormones (Hill and Janz, 2003; Westerﬁeld, 1995) and
temperature (Uchida et al., 2004) are known to perturb sex differen-
tiation in zebraﬁsh, while germ cells also control female gonad
development (Siegfried and Nusslein-Volhard, 2008). Female zebraﬁsh
develop earlier than males, with the appearance of primary oocytes in
the gonad at about three weeks of age and discernable testes at 40 days
after hatching (Takahashi, 1977). Expression of both male and female
genes became sexually dimorphic only after 25 dpf (Jorgensen et al.,
2008; Krovel andOlsen, 2004; Rodriguez-Mari et al., 2005; Siegfried and
Nusslein-Volhard, 2008; Wang et al., 2007). Less is known for gonads
younger than three weeks except for the expression of genes in the sex
steroid pathway (androgen receptor and cyp19a1b) and the male
determining homolog, dmrt1, which peaked between 10 and 16 dpf in
some, presumably male, zebraﬁsh fry in a population (Jorgensen et al.,
2008).
One of the reasons for the lack of advances in our understanding of
zebraﬁsh sexual development lies in the difﬁculty of distinguishing
male from female ﬁsh, both morphologically and genetically, during
the sex-determining period. The lack of discernible sex chromosomes
also precludes the use of genotyping to determine sex. In situ
hybridization, real time RT-PCR expression, differential display and
microarray-based approaches have been used to identify sex-
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and Janz, 2003; Sreenivasan et al., 2008; Trant et al., 2001), but all of
these approaches encountered problems when the sex of the ﬁsh
could not be ascertained during the sex-determining period. Trans-
genic ﬁsh lines expressing vasa-gfp (Krovel and Olsen, 2004), zpc-gfp
(Onichtchouk et al., 2003), and actin-gfp (Hsiao and Tsai, 2003) could
distinguish the ovary by high GFP expression after three weeks of age,
but this time is after the initial sex-determining period. In order to
circumvent these problems, we generated monosex populations of
zebraﬁsh to characterize sexual differentiation in deﬁned male and
female ﬁsh at very young ages. In addition, we tried to identify
whether zebraﬁsh sex determination is controlled by genetic factors.Materials and methods
Fish rearing
The laboratory zebraﬁsh strains AB and TL were used for all in situ
hybridization and histological studies. ABxWik, AB and TL strains
were used in the generation of monosex population. Larvae before
14 dpf were kept at a density of 25 ﬁsh/100 mL system water in 250-
mL beakers or 100 ﬁsh/400 mL in 1-L beaker. At least half of the water
was renewed daily. They were raised in 4-L mouse tanks with 100
ﬁsh/4 L from 14 dpf to 1.5 months and then transferred to a
circulating system at a density of 15 ﬁsh/2 L or 50 ﬁsh/9 L. The
temperature of the system water was maintained within the range
26–31 °C. Fish larvae were fed with paramecia from 4 to 12 dpf and
with freshly hatched brine shrimps since 9 dpf. Food was supplied in
adequate amounts to support growth comparable to the average
speed described previously (Nüsslein-Volhard and Dahm, 2002).
Under these rearing conditions, each clutch of ﬁsh produced 55±13%
female, ranging from 42% to 67%. The protocols for the care and
treatment of zebraﬁshwere approved by the Institutional Animal Care
and Use Committee of Academia Sinica.Standardization of ﬁsh growth by body length
Larvae of desired age were chilled on ice in a Petri dish until they
were unconscious. They were then ﬁxed overnight in Bouin's solution
or 4% paraformaldehyde/PBS at 4 °C. Samples were washed 2 times
with PBS and the total body lengths (from the head to the tip of the
caudal ﬁn) of the larvae were measured under a dissection
microscope (Leica, LZ2) with a micro-ruler or ruler placed under the
Petri dish. Lengths were kept within a 0.5-mm range for larvae
younger than 17 dpf (size=6.8–7.3 mm) and within 1-mm range for
21-dpf ﬁsh (size=7.5–8.5 mm). Only those ﬁsh that had comparable
lengths were used for experiments. For young adults older than
45 dpf, standard body lengths excluding the caudal ﬁn were
measured, and the range of variation was restricted to within 5 mm.Steroid treatment
Embryos were dechorionated with pronase (0.5 mg/mL, 3–5 min)
and incubated in 170 nM of MT or 1.7% of ethanol in egg water within
24 hours post-fertilization (hpf). Fifty milliliters of this MT egg water
was used for every 25 embryos in a 250-mL beaker. Another 50 mL of
MT eggwaterwas added on the following day. One half of themedium
was replaced by freshMT eggwater daily. Feeding began on the fourth
day with paramecia. Treatment continued until 15 dpf when all
medium was replaced by fresh egg water. Control embryos were
treated in the sameway except that 1.7% ethanol was added to the egg
water. Around 15 larvae for every group were sacriﬁced at the desired
age for experiments.Identiﬁcation of ﬁsh sex
The sex of F0 and F1 ﬁsh was identiﬁed by their appearance during
adulthood and their ability to mate with normal ﬁsh of the opposite
sex. As for F2 offspring, we examined their gonadmorphology at 45 or
60 dpf and the gross appearance of gonads. When a predominantly
female ﬁsh population was obtained, their mother was treated as a
candidate super mother and underwent more mating analysis. We
conﬁrmed the sex of their F2 offspring more than three times by
checking again their oocyte morphology at 21 or 40 dpf, expression of
speciﬁc genes at 21 dpf, and their appearance at adulthood.
Generation of monosex populations
We used a scheme of androgen treatment followed by natural
mating to generate monosex populations of zebraﬁsh. Sex ratios of a
population of ﬁsh were examined and recorded at the adult stage (4 to
6 months). Zebraﬁsh larvae were treated with 170-nM 17α-methyltes-
tostorone (MT) or 1.7% ethanol from 1 to 14 dpf, and the male F0 ﬁsh
were allowed to mate with wildtype females in pairs in isolated tanks.
F1 female clutch with the highest female percentage were selected for
the next round of mating. F1 females that gave rise to higher than 90%
female progeny in natural mating were selected as candidate “super
mothers”. These super mothers were mated more than three times to
conﬁrm the sex ratios of their F2 offspring. The sexual characteristics of
these F2 progeny were also examined by in situ hybridization using aro
and sox9a markers at 3 weeks post-fertilization, by histology of the
gonad at 1.5 to 2 months of age and by appearance at 3 to 4 months.
Three independent MT treatments and the subsequent mating were
performed using ABxWik, AB and TL strains.
Histological study
Zebraﬁsh samples were ﬁxed with Bouin's solution and embedded
in 1% agarose. To dehydrate, the agarose block was immersed in 70%,
95% and 100% ethanol for 30 min twice, equilibrated in Histoclear II
(National Diagnostics, Atlanta, GA, USA) or xylene for 1 h and in
parafﬁn then three times for 30 min at 56 °C. The block was then
embedded in parafﬁn in the desired orientation on a holder and
allowed to cool to room temperature, and stored in 4 °C. Samples
were sectioned at 6-mm thickness and stained with hematoxylin and
eosin for morphological observation.
Probes used for in situ hybridization
Full length cDNA fragments of sox9a in pGEM-7Z+ vector and
sox9b in pbluescriptKS+ (Chiang et al., 2001a) were linearized by
BamHI or EcoRV, respectively, and in vitro transcribed by T7-RNA
polymerase for antisense probes. For sense probes, these plasmids
were linearized by EcoRV or StuI and in vitro transcribed by Sp6- or T3-
RNA polymerase, respectively. Aro plasmid (Chiang et al., 2001b)
carrying a 1-kb 5′ cDNA fragment in pbluescriptKS+ vector was
linearized by XhoI or BamHI, and in vitro transcribed by T7 RNA
polymerase for antisense probe and T3 RNA polymerase for sense
probe, respectively. The vasa antisense probe (Yoon et al., 1997) was
synthesized by digestion with XbaI followed by T7-RNA polymerase
transcription, and the sense probewas producedwithXhoI and T3 RNA
polymerase. Scc (Hsu et al., 2002) and ff1b (Lin et al., 2000) antisense
probes were synthesized by linearization with XhoI and NotI followed
by in vitro transcription by T7 and Sp6 RNA polymerase, respectively.
In situ hybridization
Larvae between 10 days and 3 weeks post-fertilization were
captured in Petri dishes, chilled on ice until unconscious, and then
ﬁxed overnight in 4% paraformaldehyde/PBS buffer at 4 °C. Samples
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lengths of the larvae were measured. For whole-mount in situ
hybridizations, gonads were micro-dissected while for in situ experi-
ments in slides, larvae were sectioned intact. Both slides and whole-
mount samples were ﬁxed again in 4% paraformaldehyde/PBS buffer
and then washed 3 times in PBST (PBS with 0.1% Tween 20). Samples
were digested in proteinase K and then washed 3 times with PBST
before prehybridization in HYB+ buffer (60% formamide, 5× SSC,
500 μg tRNA, 50 μg/L heparin, and 0.1% Tween 20) for 4 h at 70 °C. The
probes (200 ng/mL) were incubated with the samples for over 16 h at
70 °C. Samples were washed with 75%, 50%, and 25% HYB+/2× SSC
buffer for 15 min each, followedby2×SSC, 0.2× SSC buffer, and PBST for
15 min each. They were then blocked in 5% albumin in PBST for 2 h and
incubated in a 1:5000 dilution of anti-digoxigenin antibody (Fab,
conjugated with AP, Roche Applied Science, Indianapolis, IN, USA) at
4 °C overnight. Antibodieswere then removed andwashed 3 timeswith
PBST and 3 times with staining buffer (0.1 M Tris, pH 9.5, 100 mMNaCl
and 50 mM MgCl2, and 1 mM levamesol). The samples were ﬁnally
stained in NBT/BCIP (Roche Applied Science, Indianapolis, IN, USA) or
TNBT/BCIP buffer (Chemicon, Billerica, MA, USA).Cryosection
Larvaewereﬁxed in 4%paraformaldehyde/PBS at4 °Covernight and
embedded in 1%agarose. The agaroseblockswere allowed to equilibrate
with 30% sucrose in PBS at 4 °Cuntil they sank to the bottomof theﬂask.
Agarose blocks were placed onto the specimen holder in the desired
orientation and glued with Tissue-Tek OCT reagent (VWR Scientiﬁc,
West Chester, PA, USA). Samples were sectioned at 12–14 mmFig. 1. Scheme of screening of super-female ﬁsh. (A) Assumption of male (M) sex-determi
female (genotype OO). Upon 17α-methyltestosterone (MT) treatment, all ﬁsh would grow u
with normal females, would give birth to genetically unisex female progeny and sowould be
of the female ratios from group 1 (100%) and group 2 (50%) progeny. (B) Assumption of fem
into female ﬁsh, whereas those without, denoted OO, would develop into males. The norm
When treated with 17α-methyltestosterone (MT), ﬁsh would grow up as males even with F
males (OF) would produce 75% female progeny (50% normal OF genotype and 50% FF genotyp
OF populations. The expected average female ratio in the F1 would be 62.5%, an average ofthickness. Sectioned slides were attached to glass slides coated with
VECTORBOND reagent (Vector Laboratory Inc., Burlingame, CA, USA).
Quantization of gonad region
After in situ hybridization, gonads were dissected from the trunks
and mounted on a viewing chamber of adequate thickness. Photos
were taken using the Spot CCD system (Diagnostic Instruments, Inc.,
Sterling Heights, MI, USA) under an Olympus BX50 Nomarski
microscope. The gonad region was enclosed manually on the photo,
and its area and intensity of in situ hybridization signal were
quantiﬁed using the software provided by the Spot CCD system.
Results
Generation of monosex population in zebraﬁsh
Since zebraﬁsh sex cannot be distinguished at the early sex-
determining stages, we generated ﬁsh strains with genetically-
deﬁned predictable sex traits. The scheme used initial 17α-methyl-
testosterone (MT) treatment to induce the formation of all male ﬁsh
(Westerﬁeld, 1995). For the generation of all-female ﬁsh pool, these
male ﬁsh were then allowed to mate with females for one or two
generations (Fig. 1). In the case of male dominance, those ﬁshwith the
male sex-determining gene (genotype OM) would normally develop
into males and those without the M gene (genotype OO) would
develop into females. After MT treatment, all ﬁsh including those with
the OO genotype would become males. The sex reversed males (OO)
would have produced a 100% genetically all-female (OO) populationning factor. The normal sex ratio would be around 50%, male (genotype OM) and 50%
p as males disregarding their genetic factors. The MT-treated males (OO), when mated
all-female fathers. The predicted average female ratio in the F1would be 75%, an average
ale (F) sex-determining factor. Fish having F factor in the chromosome would develop
al sex ratio would be around 50% male (genotype OO) and 50% female (genotype OF).
factor in their chromosome. When mated with normal females (OF), these MT-treated
e, doubled F factors). These FF-super mothers would give birth to genetically all-female
that from group 3 (75%) and group 4 (50%) crosses.
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their OM male siblings would have given birth to 50% females. The
average F1 female ratio would have been 75% (Table 1A). We never
obtained all-female offspring in the F1 generation, so this possibility of
male dominance was put aside.
In the case of female dominance, ﬁsh containing the female sex-
determining gene F would have the genotype OF, while male ﬁsh
would have the genotype OO (Fig. 1B). UponMT treatment, about 50%
of the OF offspring would be phenotypically male, and would give rise
to 25% normalmale (OO), 50% normal female (OF), and 25% FF females
after normal mating (group 3). The other normal male siblings would
give a normal sex ratio in the next F2 generation (group 4). Therefore,
the average female ratio of this F1 generation should be 62.5% (Fig. 1B
and Table 1B), an average of 75% (group 3) and 50% (group 4).
We performed three independent MT treatments and 42 subse-
quent crosses. The female ratios in the F1 generation were 61.2–61.7%
(Table 1B). This sex ratio matched well with that predicted from the
scheme of female dominance but not of male dominance. Carrying out
another round of natural mating of those ﬁsh that gave the highest
female ratios; in 54 crosses we identiﬁed ﬁve super mothers that gave
birth to predominantly female populations, with an average female
ratio ranging from 94% to 98% in the F2 generation in the adult pool
Table 1B). With the help of the monosex population from super
mothers and the MT-treated larvae, we set out to examine the gonad
morphology at early stage of gonad development.
Bigger female gonads are the ﬁrst sign of sex differentiation
When hybridizing juvenile gonads with the germ cell marker vasa,
we noticed that wildtype gonads had two distinct sizes, one big and fat
while the other small and slender (Fig. 2A). The calculated gonad areas
in these twowildtype groups became signiﬁcantly different after 17 dpf
(Pb0.05),whereas the smaller gonadswere nodifferent in size from the
MT-treatedmale gonads at 12, 17 and 21 dpf (Fig. 2B). The relative germ
cell area in the smaller gonad, calculated from the relative pixel numberTable 1
Female ratios of F0 to F2 generations of zebraﬁsh population after 17α-methyltestos-
terone treatment. Part A of this table shows the predicted female ratios according to the
assumption of male dominance (genotypes OM/OO) in scheme A or female dominance
(genotypes OF/OO) in scheme B. The actual ratios obtained from three independent
experiments are shown in Part B. Larvae of F0 were treated with 17α-methyltestoster-
one (MT) to change genetic females (genotype OO of scheme A or genotype OF of
scheme B) into phenotypic males. All male founders werematedwith wildtype females.
F1 progeny that gave rise to the highest female ratio were allowed to mate with
wildtype males. Those F1 females that produced predominantly female population
were denoted super-female moms. n = total number of ﬁsh tested by gonad histology
or gross appearance in the experiments. All F1 female ratios satisﬁed the prediction of
female dominance in Scheme B by the chi-square test at the 0.05 level of signiﬁcance.
Female ratios
MT-treated
F0
F1 F2 from super mothers
Ave±SD
(A) Predicted ratio (%)
Scheme A 0% (100+50)/2=75% N/A
OM male (group 1+group 2)
OO female
Scheme B 0% (75+50)/2=62.5% 100%
OF female (group 3+group 4)
OO male
(B) Experimental data (%)
Exp. 1 4% (n=50) 61.7% (n=486) 97%, 98% (n=121), 2 crosses
10 crosses
Exp. 2 2% (n=45) 61.2% (n=851) 94%±4 (n=124), 3 crosses
20 crosses 96%±1 (n=145), 3 crosses
Exp. 3 0% (n=30) 61.6% (n=708) 95%±1 (n=114), 3 crosses
12 crosses 94%, 96% (n=117), 2 crossesof staining of vasa, was comparable to the MT-treated presumptively
male gonads and signiﬁcantly smaller than that in the bigger at 12, 17
and 21 dpf (Fig. 2C). We also examined these gonads using other germ
cell markers zili and ziwi (Houwing et al., 2008; Houwing et al., 2007),
and obtained similar results (Supplementary Fig. S1). These results
indicate that male and female gonads already differ in size as early as
12 dpf.Fig. 2. Comparison of the gonad size of MT-treated and wildtype juveniles. (A) Whole
mount in situ RNA hybridization of vasa in two typical sets of gonads. Examples of the
type 1 with fat gonads (a, b, c) and type 2 with slender gonads (d, e, f) at larvae of 21, 16
and 12 dpf are shown. The scale bar represents 100 μm. (B) Areas of gonads and
(C) expression domains of vasa from MT-treated and two groups of wildtype juveniles
are compared at 12, 17, and 21 dpf. The average intensity of 12-dpf MT-treated gonads
is taken as 100. The number in parentheses in (A) indicates the number of gonads with
a typical shape versus the total number of gonads. Asterisks in (A) demonstrate the
pigment near the gonads. *Pb0.05, **Pb0.01.
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gonad were primordial germ cells (PGC) with a typical single large
round nucleolus (Price, 1982) (Fig. 3A). By 10 dpf, some primordial
germ cells differentiated into gonocytes 1 and 2, which contain
multiple nucleoli in the nucleus (Price, 1982) (Fig. 3B). All gonads that
we examined (9/9) contained differentiated gonocytes, implying that
at 10-dpf primordial germ cells start to differentiate into gonocytes
disregarding their future sex. By 14 dpf, oocytes with condensed
chromatin were observed in three out of 15 gonads that we examined
(Fig. 3C). The rest of the gonads contained PGCs and gonocytes
(Fig. 3D). By 21 dpf, oocytes with perinucleoli were detected from the
female gonad (Fig. 3E), while germ cells in the MT-treated gonads
retained the morphology of gonocytes and PGC (Fig. 3F).Sex-dimorphic expression of gonad markers in juvenile gonads
Using the monosex population, we examined gene expression in
juvenile gonads at the sex-determining stage. Two somatic genes,
cyp19a1a (P450aromatase, aro) and sox9a, were detected in female and
male gonads, respectively, after their sex could be distinguished at
31 dpf (Rodriguez-Mari et al., 2005). At 21 dpf, the aro transcripts
were detected in all-female gonads but not in MT-treated gonads
(Fig. 4A). About half (30/56) of the gonads from the wildtype
population expressed cyp19a1a at high levels while the rest (26/56)
showed weaker expression (Fig. 4A). The sox9a transcript was
expressed in about one half of the population (23/54) in wildtype
gonads at 21 dpf, in all MT-treated gonads (34/34), but not in any of
the female gonads (0/33) (Fig. 4A). Thus, we detected sex-dimorphic
expression of these two somatic genes as early as 21 dpf. Gonads from
larvae of different ﬁsh strains, including AB, ABxWik and TL, show
similar dimorphic expression patterns of these genes at same ages.
With the help of the monosex population produced by the super
mothers, we identiﬁed two more sex-dimorphic gonadmarkers. One is
sox9b, the duplicated zebraﬁsh homolog of sox9a, which was expressed
in the cytoplasm of the perinucleolar oocytes but not in the two smaller
male gonads at 21 dpf (Fig. 4B). The scc (steroidogenic P450 side-chain
cleavage enzyme, cyp11a1) transcriptwas also detected in the cytoplasm
of perinucleolar oocytes at 21 dpf. In themale gonad, sccwasdetected in
somatic cells which were much smaller than germ cells (Fig. 4B). Thus
sox9b and scc are two novel gonad markers that are expressed in a sex-
dimorphicmanner as early as 21 dpf in zebraﬁsh. The functions of these
two genes in the oocytes are still not known.Fig. 3. Histology of developing gonads. Longitudinal sections of gonads at (A) 7 dpf, (B) 10 dp
single large round nucleolus. (B) Some germ cells differentiated into gonocytes 1 and 2 (G1, G
with differentiated stage-I meiotic oocytes showing condensed chromatin (cn) at 14 dpf. (D)
perinucleolar oocytes (p), and gonocytes (G). (F) MT-treated gonad with undifferentiated ge
in (C–F). Numbers in the corner indicate the number of larvae with a typical RNA expressioIndifferent expression of somatic genes in primordial gonads
When examining gonads at 17 dpf before the appearance of
perinucleolar oocytes, we found sox9a and aro transcripts in all gonads,
including bigger and smaller wildtype gonads as well as presumptive
female gonads (Fig. 4C). Thus, while showing sex-dimorphic expression
at 21 dpf, both sox9a and arowere expressed indifferently to their sex at
17 dpf. The aro transcriptwas detected by in situ hybridization as early as
10 dpf inwildtype and presumptive female gonads (Fig. 4C), when sox9a
was undetectable (Supplementary Fig. S2). Another key regulator
implicated in mammalian male sex determination, ff1b (ftz-f1b, the
zebraﬁsh orthologof steroidogenic factor 1,nr5a1a) (Kuo et al., 2005),was
detected in all juvenile gonads by 12 dpf (Fig. 4C). These data indicate
that somatic cells ﬁrst express aro at 10 dpf, followed by ff1b at 12 dpf,
and sox9a at 17 dpf. These genes were expressed in somatic cells of both
gonads that would develop into either presumptive males or females.Discussion
Based on our analysis of gonad morphology and gene expression
proﬁles, we divided the events of early zebraﬁsh sex determination
into several stages (Fig. 5). The ﬁrst stage at around 10 dpf can be
called the preparation stage, when the primordial germ cells of the
bipotential gonads start to differentiate into gonocytes, while their
somatic cells start to express cyp19a1a for estrogen production. The
early secretion of estrogen from indifferent gonads indicates that sex
steroids play crucial roles in zebraﬁsh gonad development.
The second stage of zebraﬁsh sex determination is at around
12 dpf when female germ cells start to grow rapidly as the initial sign
of sexual dimorphism. Somatic cells start to express transcription
factors like ff1b without regard to their future sex.
During the third stage of sex determination at around 14 dpf, female
germ cells differentiate by undergoingmeiosis. Condensed chromatin can
be detected in these leptotene- and zygotene-stage oocytes. Testicular
germcells stayundifferentiatedand retain their gonocyte appearance. The
somatic cells of both sexes continue to expressmore factors such as sox9a
and aro in a sex-indiscriminate fashion at around 17 dpf.
The fourth stage of zebraﬁsh sex determination is marked by
somatic differentiationwith sex-dimorphic gene expression at around
21 dpf. The aro transcripts are retained in the female and down
regulated in the male gonad at this stage. In the somatic cells of
presumptive testis, sox9a and scc are expressed. Accompanying thesef, (C,D) 14 dpf, and (E,F) 21 dpf. (A) Gonads contain primordial germ cells (PGC) with a
2) with multiple nucleoli in the big rounded nucleus at 10 dpf. (C) Some gonads (3/15)
Other gonads (12/15) contain only PGCs and gonocytes. (E) Differentiating ovary with
rm cells of gonocyte (G) or PGC morphology. Scale bars represent 5 μm in (A–B), 20 μm
n pattern versus the total number of larvae.
854 S.-K. Tong et al. / Developmental Biology 344 (2010) 849–856somatic changes, oocytes are arrested at the diplotene stage ofmeiosis
and show characteristic perinucleoli; these cells express oocyte-
speciﬁc genes like scc and sox9b. Male germ cells remain dormant
with the morphology of gonocytes and PGCs.
We observed an increase of female germ cells as the ﬁrst sign of
zebraﬁsh sexual differentiation. This result is consistent with the
earlier reports that germ cell depletion leads to somatic female-to-
male sex reversal (Siegfried and Nusslein-Volhard, 2008; Slanchev
et al., 2005), similar to medaka (Oryzias latipes) which starts their
gonad differentiation program with female germ cell proliferation
(Kurokawa et al., 2007; Saito et al., 2007). These results suggest that
teleost germcells inﬂuence the differentiation of gonadal somatic cells.
The signals sent by zebraﬁsh germ cells may lead to sex-dimorphic
differentiation of the surrounding somatic cells. Such signals may be
interfered by androgens because MT treatment resulted in smaller
gonads. The differentiated somatic cells may in turn inﬂuence germ
cell development at later stages.
We detected testicular differentiation characterized by reduced
cyp19a1a expression and maintenance of sox9a expression as early as
21 dpf. This result indicates that testis and ovary differentiate via
divergent pathways, consistent with the observation that expression of
male-selective genes like androgen receptor and dmrt1 peaked between
10 and 16 dpf in a subset of juvenile zebraﬁsh (Jorgensen et al., 2008)
andwith the sex-dimorphic expression of vasa, zpc, folx2, and ﬁgα, afterFig. 4. Expression of gonadmarkers in testes and ovaries at different stages. Expression of sox9a
12-dfpwhole-mount gonadswas detected by in situRNA hybridization. Positive signals are sho
All female ﬁsh are progeny of supermothers.WT: wildtype ﬁsh. Bigger and smaller gonads in (A
typical RNA expression pattern versus the total number of larvae. Scale bars represent 40 μm in25 dpf (Jorgensen et al., 2008; Krovel and Olsen, 2004; Onichtchouk
et al., 2003; Rodriguez-Mari et al., 2005; Siegfried andNusslein-Volhard,
2008). However, it contradicts the notion that the zebraﬁsh testis is
derived from the ovary, as based on the observation of oocyte apoptosis
and a transitional ova-testis structure at later stages such as one month
of age (Maack and Segner, 2003; Takahashi, 1977; Uchida et al., 2002).
Previously morphological changes were used as the only way to
ascertain tissue differentiation, thus the earliest differentiation events
were easily missed. With the help of molecular markers, we were now
able to detect early testicular differentiation directly from a primordial
gonad without going through a hermaphroditic state. This scheme of
gonad differentiation is similar to that found in other gonochorists,
whose gonads differentiate from primordial gonads directly.
Although we detected divergent testicular differentiation from
indifferent gonads, we cannot rule out the possibility of further sexual
changes. Fish sex is very plastic. 17α-Ethinylestradiol treatment of
zebraﬁsh from 20 to 60 dpf caused complete feminization (Andersen
et al., 2003; Uchida et al., 2004), indicating that even though genes have
established their sex-dimorphic expression by 21 dpf, environmental
actions can still alter gonadal gene expression and change the direction of
cell differentiation.Only94% to98%of theoffspringof supermotherswere
females as adults in our experiments (Table 1), although 100% of the 312
gonads that we examined expressed female-speciﬁc genes at the larval
stage. This small 2% to 6% difference in the female ratio between the larval, aro and ff1b in (A) 21-dpf whole-mount (B) 21-dpf cross-sectioned and (C) 17-, 10-, and
wn in blue or brown color. All sectioned slideswere counter-stainedwith Nuclear Fast Red.
) and (C) refer to gonad sizes. Numbers at the corner indicate the number of larvae with a
(A and Ca–f), 20 μm in (B) and 25 μm in (Cg–i). aro: cyp19a1a, ff1b: nr5a1a, scc: cyp11a1.
Fig. 5. Events occurring during zebraﬁsh sex differentiation. Four stages of zebraﬁsh sex
differentiation are listed on the left with the age of zebraﬁsh in dpf indicated on the axis.
Genes expressed in indifferent gonads are shown in grey (middle), those of females in
red (left) and males in blue (right). aro: cyp19a1a, ff1b: nr5a1a, PGC: primordial germ
cells, scc: cyp11a1. The asterisks indicate gene expression in germ cells; the upward or
downward arrows indicate increase or reduction in RNA expression level.
855S.-K. Tong et al. / Developmental Biology 344 (2010) 849–856and adult stage suggests that environmental factors also inﬂuence
zebraﬁsh sex after the initial sex-determining period, although the effect
may not be very strong.
We generated all-female populations of zebraﬁsh from super
mothers produced by natural mating of wildtype female with MT-
treated male ﬁsh. The sex ratios obtained from this mating scheme
indicate that the sex of zebraﬁsh is determined by female-dominant
genetic factors. A similar female-dominant ZW system has been
reported in somebirds, amphibians, andﬁsh (Ezaz et al., 2006; Salvadori
et al., 2009; Santi-Rampazzo et al., 2007; Smith et al., 2009; Venere et al.,
2008; Yoshimoto et al., 2008). Our result puts zebraﬁsh into the class of
vertebrates that use the ZWsex-determination system, apart fromsome
medaka that employ the male-dominant XY sex-determination system
(Matsuda et al., 2002). Our data also agree with the notion that female
dominance appears to be an evolutionarily-conserved mode of sex
determination (Marshall Graves, 2008).
Our genetic mating scheme is compatible with the presence of
genes controlling zebraﬁsh sex. The identity of the zebraﬁsh sex-
determining genes is still elusive, but there are a few candidates.
DMRT1 is a dosage-dependent male determinant in the chicken Z
chromosome (Smith et al., 2009), while W-linked DMW acts as a
dominant negative factor to repress DMRT1 action in Xenopus testis
development (Okada et al., 2009). Likewise the peak dmrt1 expression
at 10 to 16 dpf (Jorgensen et al., 2008) also matches the time when a
difference in gonad size is observed. It is possible that zebraﬁshDMRT1
may have a role in sex determination. Other possible candidates are
genes involved in the size discrimination of gonads at 12–14 dpf or
genes controlling sex-dimorphic gene expression at around 21 dpf.
The aro transcript was ﬁrst detected at 10 dpf when gonocytes started
to appear. The switch of cyp19a1a and sox9a expression at 21 dpf is
likely a key factor in sex differentiation. Foxl2 and wt1 have been
reported to regulate the sf-1(NR5a1) mediated aro expression in ﬁsh
(Wang et al., 2007) and mammalian cells (Gurates et al., 2003). Their
functions in ﬁsh gonad differentiation deserve further study.Acknowledgments
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